The idiopathic inf lammatory bowel diseases, Crohn's disease (CD) and ulcerative colitis (UC), are chronic, frequently disabling diseases of the intestines. Segregation analyses, twin concordance, and ethnic differences in familial risks have established that CD and UC are complex, nonMendelian, related genetic disorders. We performed a genome-wide screen using 377 autosomal markers, on 297 CD, UC, or mixed relative pairs from 174 families, 37% Ashkenazim. We observed evidence for linkage at 3q for all families (multipoint logarithm of the odds score (MLod) ‫؍‬ 2.29, P ‫؍‬ 5.7 ؋ 10 ؊4 ), with greatest significance for non-Ashkenazim Caucasians (MLod ‫؍‬ 3.39, P ‫؍‬ 3.92 ؋ 10 ؊5 ), and at chromosome 1p (MLod ‫؍‬ 2.65, P ‫؍‬ 2.4 ؋ 10 ؊4 ) for all families. In a limited subset of mixed families (containing one member with CD and another with UC), evidence for linkage was observed on chromosome 4q (MLod ‫؍‬ 2.76, P ‫؍‬ 1.9 ؋ 10 ؊4 ), especially among Ashkenazim. There was confirmatory evidence for a CD locus, overlapping IBD1, in the pericentromeric region of chromosome 16 (MLod ‫؍‬ 1.69, P ‫؍‬ 2.6 ؋ 10 ؊3 ), particularly among Ashkenazim (MLod ‫؍‬ 1.51, P ‫؍‬ 7.8 ؋ 10 ؊3 ); however, positive MLod scores were observed over a very broad region of chromosome 16. Furthermore, evidence for epistasis between IBD1 and chromosome 1p was observed. Thirteen additional loci demonstrated nominal (MLod > 1.0, P < 0.016) evidence for linkage. This screen provides strong evidence that there are several major susceptibility loci contributing to the genetic risk for CD and UC.
The inflammatory bowel diseases, Crohn's disease (CD) and ulcerative colitis (UC), are chronic, inflammatory diseases of the intestines with a combined prevalence of 200-300͞100,000 in the United States (1) (2) (3) . CD may involve any part of the gastrointestinal tract (most frequently the terminal ileum and colon) (4) . Bowel inflammation is transmural, discontinuous, and may contain granulomas or be associated with intestinal or perianal fistulas. In contrast, in UC, the inflammation is continuous, limited to rectal and colonic mucosal layers, and fistulas and granuloma are not observed (4) . In approximately 10% of cases confined to the rectum and colon, definitive classification as CD or UC cannot be made and are designated ''indeterminate colitis'' (5) . Both diseases include extraintestinal inflammation of the skin, eyes, or joints. The etiology of inflammatory bowel disease is unknown. CD and UC are commonly classified as autoimmune diseases. The prevalence of inflammatory bowel disease is increased in individuals with other autoimmune diseases, particularly ankylosing spondylitis, psoriasis, sclerosing cholangitis, and multiple sclerosis (6) .
There is strong evidence from twin studies, familial risk data, and segregation analyses that inflammatory bowel disease, especially CD, is genetic (6) (7) (8) (9) (10) (11) . CD and UC are considered complex genetic traits as inheritance does not follow any simple Mendelian models (6, (10) (11) (12) . The degree of genetic clustering in siblings, s , (prevalence in siblings divided by population prevalence) has been estimated at 36.5 for CD, 16.6 for UC, and 24.7 for inflammatory bowel disease (UC, CD, and indeterminate colitis) (13) . The s values reflect the feasibility of identifying disease genes through genome-wide searches and compares favorably with other complex genetic disorders, such as insulin-dependent diabetes mellitus ( s ϭ 15) (12) . The cross-disease relative risks are 3.85 for UC given a CD proband, and 1.72 conversely (8) , suggesting the presence of shared susceptibility genes between the two diseases. Ashkenazi Jews have 2-8 times greater prevalence of inflammatory bowel disease compared with non-Ashkenazim Caucasians in all geographic areas studied and a 2-fold familial risk (14, 15) .
A genome-wide screen in 41 equivalent European CD sibling pairs testing 270 markers with replication in a second panel of 71 pairs demonstrated evidence for linkage over a broad, pericentromeric region on chromosome 16, IBD1 (16) . This region subsequently has been confirmed for CD but not UC (17) (18) (19) . A separate genome-wide screen (89 sibling pairs undergoing the initial, genome-wide screen with 260 autosomal markers and 97 pairs used for replication) was performed on families from the United Kingdom with all inflammatory bowel disease phenotypes (UC, CD, and mixed families) (20) . Genome-wide evidence for linkage was identified on chromosome 12, and two other inflammatory bowel disease loci with suggestive evidence for linkage were mapped to chromosomes 7 and 3p. The number of affected relative pairs undergoing the initial, genome-wide screen in these studies suggests that additional loci possibly might be identified through genomewide screening with a significantly larger sample size and more dense marker set. Furthermore, in a detailed replication study of 148 affected relative pairs with CD, one-third Ashkenazim, in the four above inflammatory bowel disease candidate loci, we found significant evidence for only the IBD1 locus (S.R.B. and J.H.C., unpublished observations). We report here the results of a genome-wide screen with 377 markers on 297 CD, UC, or mixed relative pairs from 174 American families, 37% Ashkenazim. We identified two novel regions on chromosomes 1p and 3q with suggestive evidence for linkage, and we report nominal evidence for linkage in 15 additional chromosomal regions.
MATERIALS AND METHOD
Ascertainment and Phenotypic Characterization of Families. We recruited families containing at least one informative affected relative pair primarily through the inflammatory bowel disease clinical practices at the University of Chicago (S.B.H. and B.S.K.) and the Meyerhoff Inflammatory Bowel Disease Center at the Johns Hopkins Hospital (T.M.B.) as well as additional inflammatory bowel disease referral centers. In all cases, informed consent for a molecular genetic study was obtained, and the study protocol was approved by the institutional review boards of the University of Chicago and the Johns Hopkins University. Confirmation of diagnoses for idiopathic, chronic, inflammatory bowel disease, i.e., CD, UC, or indeterminate colitis, was obtained from primary review of endoscopic, radiologic, and pathologic data (4, 21) . Families with members having indeterminate colitis (5) (meet criteria for idiopathic inflammatory bowel disease, but cannot be distinguished from CD or UC) were included in the ''all families'' category ( Fig. 1 ). Patients were classified as being Ashkenazi Jewish if at least two grandparents were selfdefined as Jewish and their families immigrated from countries in Central or Eastern Europe. Table 1 summarizes the families by diagnosis, race, ethnicity, and affected relative pair type.
Genotyping and Map Distances. Genotyping was performed primarily by the Mammalian Genotyping Service (National Heart, Lung, and Blood Institute) at the Marshfield Center for Medical Genetics by using semiautomated fluorescent genotyping methods (22) . The markers used were 371 autosomal, primarily tri-and tetranucleotide repeat microsatellite markers, predominately from the Weber screening set 8.0 (http:͞͞ www.marshmed.org͞genetics͞) (23) . Two loci, D1S234 and D1S255, were used to narrow relatively larger mapping intervals on chromosome 1p (see Table 3 ), and these were genotyped by using semiautomated fluorescent methods by the Johns Hopkins Genetic Resources Core Facility Genotyping Service. Map distances were taken from the Weber screening set 8.0 map and the comprehensive Marshfield genetic map, available on their web site. Genotyping error rate was estimated by comparing blinded duplicate genotyping results of eight separate patients.
Data Analysis. Data were analyzed by nonparametric linkage analysis with a modified version of GENEHUNTER (24) using the Haldane map function. GENEHUNTER uses an inheritance vector to characterize meiosis events and estimates identity by descent through a multipoint, likelihood-based approach (25) . This modified version of GENEHUNTER uses exact likelihood calculations rather than the perfect data approximation, the latter being overly conservative in datasets with missing information (24) . The S pairs scoring function was used, as it follows a more normal distribution than the S all scoring function (26) . The linear model was used except for the stratified analysis of mixed, Jewish families, where the exponential model (24) also was performed. Allele frequencies were estimated from unaffected founders. For subanalysis by ethnicity, allele frequencies specific to the ethnic group (Ashkenazim, non-Ashkenazim Caucasians) were applied. The P-values for subanalyses by ethnicity or diagnosis are uncorrected for multiple comparisons. To determine the robustness of the analysis with respect to incorrect assumptions about marker allele frequencies in regions of maximal linkage, we perturbed the allele frequencies, by simulating from a multinomial distribution, for the markers in the regions giving the peaks at the 1p and 3q loci. In general, the simulated allele frequencies correspond to a similar heterozygosity of the marker, but the values of the frequencies can vary up to 50% from the initial values (the variation is larger for rare alleles and smaller for common alleles). Pairwise comparisons and identity by descent estimates of all genotyped individuals were performed to identify sample duplications and misspecified half-siblings.
RESULTS
We performed a genome-wide screen on 439 affected individuals and 198 connecting relatives from 174 families. Approximately 230,000 genotypes were analyzed and a blinded estimate of the genotype error rate was 0.73%. Fig. 1 demonstrates the multipoint, nonparametric logarithm of the odds (MLod) curves for all, CD-only, mixed, and UC-only families. Seventeen regions showed nominal evidence for linkage (MLod Ն 1.0, P Յ 0.016) in either all families or a diagnostic subset ( Table 2 , Fig. 1 ). Highly suggestive evidence for linkage (27) was observed on chromosome 1p near D1S552 (MLod ϭ 2.65, P ϭ 2.4 ϫ 10 Ϫ4 ) in all families. Most of the evidence for linkage was from the non-Ashkenazim families (MLod ϭ 2.59, P ϭ 2.5 ϫ 10
Ϫ4
), compared with the Ashkenazim (MLod ϭ 0.098, P ϭ 0.24) ( Table 3) .
A broad region of linkage was observed on chromosome 3q for all families (MLod ϭ 2.29, P ϭ 5.7 ϫ 10 Ϫ4 ), which represents contributions from both CD (MLod ϭ 1.39, P ϭ 5.7 ϫ 10 Ϫ3 ), mixed (MLod ϭ 1.23, P ϭ 8.7 ϫ 10 Ϫ3 ), and UC families (MLod ϭ 0.50, P ϭ 0.065) (Fig. 1) . We stratified by ethnicity (Table 3 ) and demonstrated contributions from both non-Ashkenazim Caucasian (MLod ϭ 3.39, P ϭ 3.92 ϫ 10 Ϫ5 ) and Ashkenazim families (MLod ϭ 1.96, P ϭ 1.35 ϫ 10 Ϫ3 ) ( Table 3) . To determine the robustness of the results with respect to incorrect assumptions about marker allele frequencies, we perturbed the allele frequencies. The peak lod scores after perturbation were between 2.61 and 2.74 (initially 2.65) on chromosome 1p and between 2.12 and 2.31 (initially 2.29) on chromosome 3q.
For the total data set, the third strongest evidence of linkage was on chromosome 4q (MLod 1.71, P ϭ 2.5 ϫ 10 Ϫ3 ). Evidence for linkage in this region was much greater for the limited subset of mixed families (96 affected relative pairs from 62 families); the uncorrected MLod was 2.76 (P ϭ 1.9 ϫ 10 Ϫ4 ). Furthermore, in 16 mixed, Ashkenazim families comprising 40 typed affecteds and 29 affected relative pairs, the MLod was 2.80 (P ϭ 1.7 ϫ 10 Ϫ4 ) using a linear model and 3.70 (P ϭ 1.81 ϫ 10 Ϫ5 ) using the exponential model more applicable to smaller data sets such as these (24) .
Of the 14 remaining peaks, three CD peaks (Fig. 1) were observed on chromosome 16, one of which, D16S769 (MLod ϭ 1.69, P ϭ 2.6 ϫ 10
Ϫ3
), lies within the pericentromeric region of IBD1 (16) (Table 1, Fig. 1 ) and provides additional confirmatory evidence. Throughout chromosome 16, the evidence for linkage is greater in the CD families compared with all families, with no evidence observed in UC families. We observed greater evidence for linkage in Ashkenazim families than non-Ashkenazim Caucasian families (Table 3) for the IBD1 locus. This difference is particularly significant given the smaller number of families in the Ashkenazim group. In addition, a broad region proximal to D16S769 not overlapping (Fig. 1) .
To separate heterogeneous effects that may account for the broad linkage observed on chromosome 16, we reanalyzed that chromosome. We tested only those CD families demonstrating positive or negative nonparametric linkage (NPL) scores (as determined by the original version of GENEHUNTER) (25) on chromosome 1p, the region demonstrating the greatest evidence for linkage in all families (Fig. 2 ) (Nancy J. Cox, personal communication). The MLod curve in those families with positive NPL scores (25) on chromosome 1p (Fig. 2B ) demonstrated a more tightly localized peak at 50 centimorgans (cM) centered in the middle of the previously defined IBD1 region (16) . Furthermore, the evidence for linkage on chromosome 16 disappeared throughout the IBD1 region in the subset of those families with negative NPL scores (25) on chromosome 1p with peaks observed in the p and q telomeric regions of the chromosome (Fig. 2C) .
We observed no confirmatory evidence supporting linkage to the previously reported chromosomes 12, 7, or 3p loci (Fig.  1 ) in all families (20) . Nominal evidence for linkage was observed in the region just proximal to the chromosome 3p locus in CD families and on the chromosome 7 locus in mixed families (Table 1) . We found no significant evidence supporting linkage in the major histocompatibility complex (MHC) region, supporting the concept of a minor role for MHC-linked genes in inflammatory bowel disease susceptibility ( Fig. 1) (28, 29) .
DISCUSSION
A present hypothesis of inflammatory bowel disease is that several genes are involved, with some genes being common to CD and UC. Two previous genome-wide screens have identified susceptibility loci on chromosome 16 (16) in CD families (subsequently confirmed) (17) (18) (19) and loci on chromosomes 12, 7, and 3p in all inflammatory bowel disease families (20) . The CD locus on chromosome 16, IBD1 (16) , and the inflammatory bowel disease locus on chromosome 12 (20) were reported to have estimated locus-specific s of 1.3 and 2.0, respectively. Therefore, these loci alone could not possibly account for the total genetic risks observed for inflammatory bowel disease and particularly for CD, and thus additional susceptibility loci are predicted.
Our study differed from the previous screens (16, 20) by the use of a much larger number of affected relative pairs in the screening phase, the study of nonsibling relative pairs and by the inclusion of a significant number of Ashkenazi Jewish pedigrees, who have a greater population and familial risk (14, 15) . Furthermore, the use of a denser screen, containing primarily tri-and tetranucleotide repeat markers (30) , allowed us to more thoroughly test the genome for linkage and possibly examine regions not well covered in the previous screens. All of these factors likely contributed to our identifying loci not seen in the previous studies.
Our genome-wide screen identifies two susceptibility loci with suggestive evidence (27) for linkage on chromosomes 1p and 3q in all families. The evidence for linkage on chromosome 1p represents contributions from CD-and UC-only families, but not from mixed families. When stratified by ethnicity, evidence for linkage on chromosome 1p results almost exclusively from non-Ashkenazim Caucasian families. In contrast, evidence for linkage on chromosome 3q results from the combined contributions of all diagnostic groups (CD, UC, and mixed families) as well as both Ashkenazim and white nonJewish families.
In the limited subset of mixed families, we observed an MLod of 2.76 on chromosome 4q, which corresponds to an uncorrected P-value of 1.9 ϫ 10 Ϫ4 . In Jewish families, the MLod was 2.80 (1.65 ϫ 10
Ϫ4
). Using the exponential model (24) , the MLod score was 3.70 (1.81 ϫ 10
Ϫ5
) in mixed Jewish families on chromosome 4q. This last result must be interpreted conservatively both because of the number of statistical tests applied (stratification by diagnosis and ethnicity) as well as the relatively small sample size from which the result derives. However, as this region represents the third-highest MLod score in all families (1.71), it clearly warrants further study with additional families. There was no significant evidence for association by transmission͞disequilibrium testing (31) at any of the markers on chromosomes 1p, 3q, and 4q (data not shown).
We observed additional confirmatory evidence for IBD1 (16) in CD families at D16S769, which overlaps the previously Zmax, ͌ 4.6 ϫ MLod score. *Linkage evidence in mixed families. † Linkage evidence in CD families.
FIG.1. (On the opposite page.)
Multipoint nonparametric linkage analysis of all families, CD-only families, mixed (families containing at least one or more member with a diagnosis of CD and one or more member with a diagnosis of UC, or any member with indeterminate idiopathic colitis) and UC-only families. The all-families curves reflect the combined contributions of the CD-only families, UC-only families, and mixed families. Map distances were taken from the Weber screening set 8.0. Multipoint analysis was performed by using a modified version of GENEHUNTER (25) . defined region. However, three general peaks can be identified on chromosome 16, and positive lod scores were observed over very broad regions. In the initial report, the IBD1 region encompassed more than 40 cM and two general peaks were observed (16) . Together with subsequent studies, peaks in CD families have been reported for D16S407 (20) , D16S748-D16S764 (present report), D16S769 (present report), D16S409 (18), D16S409-D16S419 (16), D16S411 (17, 19) , D16S503 (16) , and D16S516 (present report). These markers span the majority of chromosome 16. Taken together, these results suggest that more than one gene may be contributing to the evidence for linkage observed on chromosome 16 .
Analysis of chromosome 16 in subsets of families based on linkage results from the region with greatest linkage in the genome (chromosome 1p) has the potential to separate heterogeneous contributions. The evidence for linkage in the pericentromeric region of IBD1 disappeared (Fig. 2) when analyzing those families with negative (25) scores on chromosome 1p (with appearance of peaks in the p and q telomeric regions) and increased to a more narrow peak at 50 cM centered in the middle of IBD1 (16) in families with positive NPL scores (25) . The observed trends provide additional confirmatory evidence for linkage on chromosome 1p because stratifying on a false positive region of linkage would be expected to exert a random effect (for both positive and negative chromosome 1p NPL scores) on chromosome 16. On the contrary, the observed effects suggest an epistatic interaction between the chromosomes 1p and pericentromeric region of chromosome 16 peaks.
The additional loci that show nominal evidence for linkage (MLod Ն 1.0, P Յ 0.016) ( Table 1 ) may potentially point to important inflammatory bowel disease susceptibility genes; follow-up studies with additional markers and families have been advocated in those regions identified in the initial genome screen with pointwise P-values Յ 0.01 (32) or even, P Յ 0.05 (27) .
The absence of confirmatory evidence for the previously identified region on chromosome 12 (20) is not unexpected as the number of families required to replicate linkage may be significantly greater than the number required to initially (33) . Furthermore, the marker density in our study was not optimized for confirmation. The previous inflammatory bowel disease screen was primarily of non-Jewish Caucasians (20) , however, our chromosome 12 results did not change with stratification by ethnicity. Another possibility is that the chromosome 12 locus represents primarily UC susceptibility factors, given the greater preponderance of UC in that report (20) .
In conclusion, we observed suggestive evidence for linkage in all inflammatory bowel disease families in two susceptibility regions on chromosomes 1p and 3q. In a third region on chromosome 4q, an MLod score of 2.76 (P ϭ 1.9 ϫ 10 Ϫ4 ) was observed in mixed families, especially pronounced in the Ashkenazim. Confirmatory evidence for linkage was observed in the pericentromeric region of chromosome 16, IBD1 (16), as well as evidence for epistasis between IBD1 and chromosome 1p. Analysis in the Ashkenazim may be of special benefit given the greater homogeneity in that group as well as their utility in refining gene localization using linkage disequilibrium (34) . These studies suggest that linkage regions on chromosomes 3q and 4q may be illuminated by such approaches if present evidence for linkage is extended in additional families.
